phenomenon
was initiated recently by Hill and Robertson (1968) who used the method of moment generating matrix to treat selectively neutral cases. They pointed out that in small populations this phenomenon may play an important role since the variance of the coefficient of linkage disequilibrium may become fairly large even if its mean is zero. Generally, the mean of linkage disequilibrium will be zero unless there is epistasis, but its variance may become large. Karlin and McGregor (1968) analysed the problem more generally assuming selective neutrality and using the method of Markov chains. Sved (1969) discussed the significance of linkage disequilibrium as a stabilizing factor for segregating alleles when many overdominant loci are linked. The treatment of these problems has been greatly extended by Ohta and Kimura (1969a , b, 1970 ,1971a who developed a new method based on the diffusion models of Kimura (1964) . They succeeded in analysing various cases such as those involving overdominance, recurrent reversible mutations and steady flux equilibrium with constant supply of molecular mutations.
They also were able to evaluate the magnitude of the apparent selective force created by linkage disequilibrium, that is, the magnitude of "associative overdominance".
In the present paper, I intend to review and organize their main results and clarify further the bearing of these works on the investigation of genetic variability of populations.
In particular I will point out the real importance of linkage disequilibrium in interpreting experimental results with respect to fitnesses of isozyme alleles or other marker genes.
BASIC THEORY
Let us review briefly the method developed by Ohta and Kimura (1969b , 1970 , 1971a to treat the two-locus problems in finite populations. For this purpose, it may be convenient to consider first the single variable case. Let xt be the frequency of an allele at time t, and let ox t be an increment of xt during the subsequent short time interval of length 8t.
xt+st=xt+oxt
(1)
Let f (x) be a continuous function of x and consider its expectation. Then
E{f (xt+at)}=E~Ea{ f (xt+oxt)} (2) where E0 is the operator for taking the expectation with respect to the probability distribution ~b of gene frequency at time t, and Eb is the operator for taking the expectation with respect to the change ox. Expanding f (xt+axt) in terms of 8xt, and neglecting (bxt)3 and higher order terms, we get
2 Therefore,
By taking the limit of--0, and writing lim Es(bxt) =Msx and lim ES{(~xt)2} = Vsx at-0 at ot-o 13t
we obtain the following basic equation,
at 2
In applying this equation to actual problems in population genetics, we substitute for M8x and Vsx, the mean and the variance of the rate of change in gene frequency per generation. We also note that
where ~b (p, x; t) is the probability density that the gene frequency becomes x at the t-th generation given that it is p at the start (t=0).
For the stationary state, the left hand side of equation (5) becomes zero and we
On the other hand, for an equilibrium attained under steady flux of mutations, the amount of decay is equal to the mutational input with respect to E{ f } per generation, cn that
where 4mutE(f) represents the mutational input with respect to E{ f }, Equation (8) is valid only for f (x) which vanishes at both boundaries, x=0 and x=1. These equations can readily be extended to multi-variate cases. In particular, if there are n random variables x1, x2i ... , xn, the equation corresponding to (5) is a at E{f (xl, x2,..., xn)}=E{Lf(x1, x2, ... ,xu)},
where L is the differential operator of the Kolmogorov backword equation and it has the following form.
L=+E Vax{ a2 + Wfixzax a2 + M53 a (10) 2
where it/I, V and W are the mean, variance and covariance with respect to changes appearing as subscripts. Now, we use the above basic equations to evaluate the amount of linkage disequilibrium. Consider two linked loci and assume that a pair of alleles Al and A2 are segregating in the first locus, and alleles B1 and B2 are segregating in the second locus. Let g1, g2, g3 and g4 be respectively the frequencies of the four types of gametes A1B1, A1B2, A2B1 and A2B2 (g1+g2+g3+g4=1), and let x=g1+g2, y=g1+g3 and D=glg4-g2g3.
Then x is the frequency of Al in the first locus, y is the frequency of B1 in the second locus and D is the coefficient of linkage disequilibrium. In the following treatment, I will denote by Ne the effective size of the population and by c the recombination fraction between the two loci. Then under random mating, assuming no selection, no migration or mutation, the operator corresponding to formula (10) becomes,
4 aD2 2 aD where we measure time (T) with Ne generations as the unit length so that T = t/Ne and
As a simple example of the application of equation (12) Ohta and Kimura (1969a , b, 1970 , 1971a .
A more useful statistic than the variance of linkage disequilibrium is the squared standard linkage deviation (ad2) introduced by Ohta and Kimura (1969a) . This is defined by
which is approximately equal to the Chi-square contingency coefficient. E(D2) has a drawback in that it depends not only on the degree of linkage disequilibrium but also very much on gene frequencies.
On the other hand, ad2 is less dependent on gene frequencies and hence more appropriate as a measure for non-randomness of combination between genes at different loci.
A remarkable property of Qd2 that emerges from the analyses is that, when Nec (product of the effective population number and the recombination fraction) is larger than 1, we have 1 (14) ~d2~ 4N c ' e over wide range of circumstances.
This formula applies to such cases as steady decay under random drift (Ohta and Kimura 1969a) , stationary state with recurrent reversible mutation (Ohta and Kimura 1969b) , steady flux equilibrium with constant mutational input (Ohta and Kimura 1971a) , and also equilibrium with overdominance (Ohta and Kimura 1970) . For Nec less than 1, Qd2 becomes larger and depends not only upon Nec but also on other factors such as mutation rate and selection intensity.
DEVELOPMENT OF ASSOCIATIVE OVERDOMINANCE
Let us assume that the alleles at B locus are selectively neutral but that selection operates at A locus such that relative fitnesses of genotypes are;
Also let xl and x2 be respectively the relative frequencies of AI among Bl -and B2 -carrying chromosomes.
Then the mean fitnesses of BIBI, BIB2 and B2B2 becomes,
In order to evaluate the expected degree of selection at the B locus, we let x, =x+b1 and x2=x-b2. Then by noting the relations, b1=D/y and b2=D/(1-y), and using formulae (15), we get 2 E{WB1B2-WBlB1}=E (hs+s(1-2h)
At equilibrium in which E(D) =0, the expected value of the apparent heterozygote advantage ("associative overdominance") depends only on the terms involving D2. Therefore, (16) may be replaced by the following approximation formulae.
E{WB1B2-WB2B2}=s(1-2h)Ud2 t 1-y These formulae indicate that associative overdominance arises if h<1/2, that is, if the selectively favorable allele at the A locus is dominant. Of course, associative overdominance arises if A locus is overdominant (h<0).
In the latter case it may be convenient to use the following expressions, E{WB1B2-WBlB1}-(S1+S2)Ud2 x(1-x) y E{ WB1B2-WB2B2}=(S1+S2)Ud2 x(1 _x~ (18) 1-y where s1 and s2 are respectively the selective disadvantages of two homozygotes A1A1 and A2A2 over A1A2 heterozygote.
ASSOCIATIVE OVERDOMINANCE IN EXPERIMENTAL POPULATIONS
There are many reports concerning experimental measure of fitness values with respect to isozyme or other marker genes. Very often, however, experimental results reflect merely the effect of surrounding genes rather than isozyme alleles themselves, unless sufficient precautions are taken to homogenize the genetic background (As an example of careful experiments, see Yamazaki 1971). In this section, I will estimate the amount of apparent selective values that are expected to arise at neutral marker loci in experimental populations, when ordinarily dominant or overdominant loci are linked to the marker loci.
Usually, a competition experiment starts with two types of chromosomes carrying different alleles. Let these alleles be B1 and B2, and denote their numbers by 92B1 and nB2 (fB1 +nB2 =n) . Often these chromosomes are sampled from laboratory lines established for individual markers. Unless individual lines were derived from many individuals at the start and kept as large population, these lines are more or less inbred. In such cases, we may assume that the two lines having different marker genes possess at the same time different alleles at other loci that are concerned with competitive ability. Then, the squared standard linkage deviation between the marker and one of these loci `200 T . OHTA is unity at the start, i.e., Qd,12=1 where the subscript 1 indicates the generation number. Note that x1=1 or x2=1 in formula (15). We further suppose that the chromosomes are rapidly multiplied to attain the number n'(=fB1'+fB2') in succeeding generations for competition experiment. Then Ud2 will rapidly approach 1/2n'c for sufficiently large values of n'c. In what follows, I will elaborate on some numerical examples.
i) MODEL OF VIABILITY POLYGENES
According to Mukai (1969) , the average 2nd or 3rd chromosome of D, melanogaster sampled from natural populations carries 8-10 viability polygenes, each of which reduces viability by 2-3% in homozygotes.
In heterozygous condition, these polygenes also -reduce viability , with a degree of dominance h0.2 (Mukai, 1970 where A2 is the mutant allele at this polygenic locus. We assume that each marker allele, B1 or B2, accompanies with it a different set of 10 viability polygenes. In the first generation, ad,12=1 between the marker (B locus) and one of the viability genes (A locus). As an example, let us suppose that; s=0.02, hs=0.004 and that the initial frequency of the marker gene B1 is 0.1 (nB1 : nB2 = l : 9) . Then, the expected amount of associative overdominance at the B locus can be obtained from formula (15) by putting either x1=1 and x2=0 or x1=0 and x2=1 and summing over all 20 loci. E { WB1B2-WB1B1}=E { WB1B2-WB2B2}=lOs(1-2h) =0.12 Thus, during the initial stage of the competition experiment, the associative overdominance of 12% will be observed merely by the presence of viability polygenes, and hence the frequency of B1 will increase.
The associative overdominance will persist during the initial stage only. It will soon disappear since ode reduces to 1/2n'c. Unless the marker locus is tightly linked to viability polygenes, the associative overdominance becomes practically negligible with such small magnitude of Qd2 as 1/2n'c. If lethal or semilethal factors are involved in addition to the viability polygenes, a larger associative overdominance will be expected for the neutral marker. Note that the two marker lines will usually carry different sets of detrimentals and therefore the associative overdominance is not symmetrical, thus leading to an apparent equilibrium frequency differing from 1/2.
ii) MODEL OF OVERDOMINANCE
According to Sved and Ayala (1970) , about 100 overdominant loci each with heterozygote advantage of 1'-'2% may exist per chromosome in Drosophila. Let us assume that at each overdominant locus the opposite alleles are fixed with probability 1/2 in the marker lines. For any pair of independent lines, different alleles are fixed on the average at 50 loci. Then id,12 =1 between the marker (B) and these 50 loci. Let the average heterozygote advantage at each overdominant loci be 1.5%. To simplify calculation, we assume that same alleles are fixed in both lines at the remaining overdominant loci. Then the expected associative overdominance at the initial generation becomes, WB1B2-WB1B1= WB1B2-WB2B2=1--(1--0.015)50=0.31
irrespective of the initial frequency of B1. Therefore the less frequent marker allele will increase rapidly.
As Qd2 decreases with time, the associative overdominance will also decrease rapidly.
After a sufficient number of generations, o d2 becomes approximately 1/2n'c. Let us, further assume that 50 overdominant loci are equally spaced in the chromosome of 100 map units and that B locus is located at the middle of the chromosome.
Then the associative overdominance expected at the later stage of the experiment is, from formula (18), E{ W W }-(0.03) x(1-x) 50 Qd 2~ 0.03 x(1-x) (log 25+0.577+2 log 2) 8x(1-x) B1B2 B1B1 y 4=1 z ( ) y 0.02n • ' fly x(1-x) 50 x(1-x) (log 25+0.577+2 log 2) _ 8x(1-x) E { WB 1B2 -WB2B2} _ (0.03) ~ Udi210 ~ .03) 1-y ti =Ji 1-y 0.02.n' n'(1-y) (see also formula 19 in the subsequent section). Both become 2% when x=y=0.5 and n'=200. Thus, even after a sufficient number of generations, 2% associative overdominance will be expected in this model. As pointed out above, asymmetric associative overdominance will appear when severe detrimentals are linked to one of the marker alleles. Actually, the effects of the linked detrimental and overdominant genes are confounded, and through recombination between the marker and these linked loci, the associative overdominance will gradually disappear. In this process, the marker alleles will approach some intermediate frequencies. The phenomenon might mimic the frequency dependent selection, since the seemingly strong selection for the less frequent allele appears only in the initial stage. In fact, when the marker lines are strongly inbred, the experimental result is repeatable giving similar outcome of marker frequencies. Then it looks as if the measured fitnesses really represent those of the marker alleles themselves. An important point to note here is that the experimental outcome, although repeatable if inbred stocks are used, may differ completely from corresponding frequencies in natural populations. Recent studies by Dr. S. Ohba (personal communication) using isozyme alleles a1, a2, a3 and a4 at Est-a locus in Drosophila virilis support such prediction. T . OHTA entiated in such a way that they are concentrated on chromosomes carrying one of the two marker alleles, while absent from the other chromosomes.
Let us assume that each detrimentals have selective disadvantage, hs in heterozygotes. The probability that a particular detrimental mutant becomes homozygous will be 10-5, if we use the relation g2~q/(4Nehs) and assume that 4Nehs=100 (cf. Nei 1968) . Then the probability that the homozygotes with respect to the marker allele also becomes homozygous for each detrimentals is 2 x 10-5, while the heterozygotes at the marker locus will never be homozygous for the detrimentals.
If one takes 104 as the total number of loci with detrimental genes having average homozygous disadvantage of 5% (s(1-2h)=0.05), the associative overdominance at the marker becomes, s'=0.05x 104x2x 10-5=10-2 This is an upper limit value derived under an extreme model by assuming complete association between the marker and detrimentals. Actually, it can be shown that in general the amount of associative overdominance due to linked detrimentals is proportional to the ratio of inbreeding depression to Nec, and that approximately the same amount of associative overdominance is expected for a unit inbreeding depression whether it is segregational or mutational.
For details see Ohta (1971) . Next, let us investigate the case where many overdominant loci are segregating. Consider an extreme situation in which overdominance is sufficiently strong (Nes> 10) so that gene frequencies at these overdominant loci are kept constant.
Then the presence of overdominant loci somewhat resembles population subdivision, although the recombination and migration work in a different way. Now, let us evaluate the magnitude of associative overdominance. Following Ohta and Kimura (1971b), we assume that n intrinsically overdominant loci are equally spaced on the chromosome with recombination fraction co between the two adjacent loci. Let s be the selective advantage of the heterozygote over both homozygotes at each overdominant locus. We assume that a neutral marker with frequency near 1/2 is located in the middle between nlth and (ni+1)th loci. Then, it can be shown that s'= s {loge nl+loge n2+2r+4loge 2},
4N eca where n2=n-n1 (Ohta and Kimura, 1971) . In deriving this formula, it is assumed that the overdominant loci behave independently. If the linkage is extremely tight and the overdominance is very strong, the kind of super gene reported by Franklin and Lewontin (1970) will develop and the present formulation is not appropriate. If we multiply both sides of equation (19) by Ne we find that Nes' is independent of Ne. The following table (Table 1) illustrates some numerical examples.
The table, also
shows the segregation load of this chromosome. One of the very important problems relating to associative overdominance is how effective is such apparent overdominance as a factor retarding gene fixation. To clarify this, extensive Monte Carlo experiments were performed using TOSBAC 3400 computer at the National Institute of Genetics.
The simulated population consists of 50 diploid individuals each having two homologous chromosome represented by binary integers. At each locus, two alleles represented by numerals 0 and 1 are segregating. Each generation consists of mutation, crossing over and sampling of gametes (to produce the next generation). For details of the experimental procedure, the reader may refer to Ohta and Kimura (1971b) .
The experiments were designed to compare Robertson's retardation factor for true overdominance (Robertson 1962 ) and the corresponding factor for associative overdominance.
Two neutral loci (the middle and one of the terminal loci) are chosen as markers and the numbers of generations until loss or fixation, starting from initial frequency 0.5, were recorded.
If there is no associative overdominance, the expected number of generations until loss or fixation becomes, using the formula of Kimura and Ohta (1969) and noting p=0.5 and Ne=50, 11(P)=to(p)=4Ne loge 2=138.
In the simulation experiments, 9 multiplicatively overdominant loci were assumed to be linked to the marker loci as illustrated in Fig. 1 . In order to prevent fixation at the overdominant loci, recurrent mutation was produced at these loci, but not at the marker loci. The experiments were performed at 2 levels of recombination fraction and 3 levels of selection coefficient. Table 2 shows the result of the experiments. In the table, the expected associative overdominance (Nes') is also shown for comparison. From the table, it may be seen that the associative overdominance really retards fixation, although, with fairly large values of Nes', it's effect is at most to double the number of generations until fixation in the present model. It seems that even with large selection coefficient Table   1 . The associative overdominance (Nes') expected at the marker locus located at the middle of the chromosome using formula (19). We assume that n(=n1+n2, n1=n2) symmetric overdominant loci are equally spaced on the chromosome.
In the table, s stands for the heterozygote advantage at each overdominant locus and co the recombination fraction between adjacent overdominant loci. The last column shows the segregational load of the chromosome. In such cases, the variance in fitness due to accompanying loci discussed by Kimura and Ohta (1971) would probably become important.
At present, we are not sure how effective the associative overdominance is as a general mechanism for maintaining high level of genetic variability in natural populations.
This problem might be just as difficult as that of determining how much segregational and mutational loads constitute the total inbred load. If the intrinsic overdominance is mainly due to different effects of individual allele on different components of fitness as suggested by Ohta and Kimura (1971) 
